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Abstract 

We discuss the pair production of gluinos in electron-positron annihilation at LEP, in a 
model with soft supersymmetry breaking, allowing for mixing between the squarks. In 
much of the parameter space of the Minimal Supersymmetric Model (MSSM) the cross 
section corresponds to a Z branching ratio above 10~ 5 , even up to 10~ 4 . A non-observation 
of gluinos at this level restricts the allowed MSSM parameter space. In particular, it leads 
to lower bounds on the soft mass parameters in the squark sector. 



* electronic mail addresses: {kileng, osland} @vsfysl. fi.uib.no 



1 Introduction 



Recent searches for gluinos by the CDF Collaboration have established a lower mass bound 
of the order of 140 GeV/c 2 [jT|. This bound depends on the assumed decay mode of the 
gluino, it is valid for the case of direct decay to the lightest supersymmetric particle, 
g — > qqx- The analysis is insensitive to light gluinos, m g < O(40 GeV). However, various 
other experiments, in particular those at the CERN SPS [0, ^J exclude most of the region 
below 40 GeV, except for a narrow range around 3-5 GeV/c 2 [|J. 

The existence of this low- mass gluino window has recently been pointed out || , and 
it is even argued that data on a a (mz) favour a light gluino [d, |], |7j. (See also ref. |§, 
however.) Some of its further consequences are explored in ref. 0. 

The importance of searching for light gluinos has long been stressed |T0|. Clearly, 
if the gluino is very light, it should be produced at LEP, either by radiation in pairs off 
a quark | jTT| , |T2| ], or in pairs via the triangle diagram [TB|, |TJ], |T5|] . In the former case, the 
final four-jet state would be rather hard to isolate, because of the QCD background fll6| . 
For the latter mechanism, the cross section was at low energies (ref. ||13|| , photon exchange) 
found to depend very much on the mass splitting between the squarks, being in general 



rather small. A similar analysis has been performed for the Z decay |L4[ [15| , and the cross 
section was found to depend sensitively on the mass splitting between the top and bottom 
quarks. Because the previous analyses are limited to low top-quark masses, and in order 
to also study the effects of chiral mixing, we find it important to present a new analysis of 
the gluino pair production cross section. 

The notation to be used is in part given by the MSSM Lagrangian density 
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with the SU(3) part given by (subscripts "s" for "strong" 
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Here, "hats" refer to superfields. The gauge-invariant (soft) supersymmetry breaking part 
is given in terms of component fields as 
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Subscripts u (or U) and d (or D) refer generically to up and down-type quarks. We shall 
mostly focus on the contributions from the third generation. Thus, these symbols will 
actually often refer to top and bottom quarks. Spinors are here expressed in two-component 
Weyl notation, since the chiral mixing acts at this level. The notation is further explained 
in ref. |17] and references quoted there. 

The gluino mass is given explicitly by rrig, whereas squark masses depend not only 
on the explicit mass parameters Mu, m v and m D) but also on m u , ma, mz, mw, A u , A d , 
\i and (3. For each flavour, there are two squarks, whose masses are given in terms of a 
similar parameterization in ref. [[il|. (See also ref. [fF/jj .) In the limit of no mixing, i.e., 
with fj, = 0, and A d = A u = 0, the masses of the squarks associated with left- (L) and 
right- (R) chiral quarks are given by 

m lh = ml + Mu- (~m 2 z - 2 m w) cos(2(3), 



m uR 
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K + M u + ( 3™i - 3"% ) cos(2/5), 



m L = m l + M u - (yQ m l + 3 m w) cos(2/?), 

m k = m l + Mu ~ (g^l - 3^) cos(2/3). (1.5) 

We shall however consider the case of mixing, for which the mass formulas are more com- 
plicated [0,0. 

It should be noted that the above Lagrangian represents a model which is different 
from the recently considered "constrained" models based on Grand Unification and super- 



gravity |T9| , [20(1 . In particular, the gluino mass is here not tied to the other gaugino masses. 
The model is "minimal" in the sense that it has only two Higgs doublets, the soft mass 
terms are however "non-minimal" . 



2 The Zgg amplitudes 

In the decay of the Z, or more generally in electron-positron annihilation, the pair pro- 
duction of gluinos can proceed via the two generic diagrams (a) and (b) of figure 1, where 
the internal lines of the triangles are quarks and squarks. Allowing for mixing between the 
squarks associated with the left- and right-chiral quark superfields, we find the Feynman 
rules for the vertices as given in figure 2. 
We shall write the amplitude for 

e + e-^~gg (2.1) 

as 

M = mD FfW G" Sat, (2.2) 

where the lepton current is given as 

If = v{p 2 ) {tP^t- iffv ~ 9a1b)\ u(pi), (2.3) 

1 2 cos #w J 

and the gluino current G will consist of a sum over contributions from different diagrams 
to be discussed presently. Furthermore, iD-p^v is the Z propagator, and 5 a b is a Kronecker 
delta in the gluino colour indices. For each quark flavour, there are two uncrossed and two 



crossed diagrams of type (a). If we label them by the quark and squark propagators of the 
triangle, then we can write the terms involving w-quarks as 

G" uul = -N u u(k 2 )(Ct -Cr l5 )TZ ul (h,k 2 )(C± + C^ l5 )C~ 1 u T (k 1 ), 

G'L = -N u u(h)(C~ +C± l5 )T» u2 (k h k 2 )(C~ -Ctls)C- l u T {h). (2.4) 

Here, C denotes the charge conjugation matrix and T transposition. Since the gluino 
is a Majorana fermion, the currents contain the factor C~ x u (k\) rather than the v{k\) 
associated with Dirac fermions, but one could alternatively have used antiparticle spinors 



of opposite spins |24|. However, this is less convenient in dealing with the interference 
terms between uncrossed and crossed diagrams. Furthermore, the subscripts 1 and 2 refer 
to the mass eigenstates of the squarks. The quark-squark-gluino couplings depend on the 
chiral mixing (see figure 2), and are proportional to the coefficients 

C± = cos0 fi ±sin0 fi . (2.5) 

Furthermore, 

g g 2 

Nu = 16(2tt) 4 cos0w' (2 ' 6) 

Here, g and g s are the SU(2) and QCD coupling constants. For photon exchange, the 

corresponding factor is 

N u = -^-. (2.7) 

6(2tt) 4 v ; 

The triangle integral associated with this diagram (a) is given by 
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with 



^ = l--sin 2 w , g u A = l- (2.9) 



For each quark flavour, there are also four uncrossed and four crossed diagrams 
of type (b). The gluino currents corresponding to the uncrossed diagrams involving the 



•quarks can be written as 
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iV 12u = iV 2lM = "* sin(2g fi ). (2.11) 
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For photon exchange, the corresponding factors are 

Nun = N 22u = ' ' i; 



6(2tt) 4 ' 
N 12u iV 2lM = 0. (2.12) 



The triangle integral associated with this diagram (b) is 

T? ju (h,k 2 ) = /d 4 g J + ™ u , (2g" + fcf - ff) 
J J a — mi + «e 
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(q + k\) 2 — m 2 + ie (q — k 2 ) 2 — m 2 + ie 
We need to also discuss the structure of the triangle integrals in terms of Dirac 
matrices. It is convenient to expand the first one, eq. (|2.8| ), in terms of "even" (E) and 
"odd" (O) scalar integrals as 

TUkiM) = E^ al ^{g u v -g\ l5 )+E b uuial ^{g u v + g u Al ,) 

+o a uu1 n"{9v - gilt) + o b uutaP Ti^{g u v + gl-rs), (2.14) 

and the other one, eq. (|2.13| ) as 

Tt ju {k 1 M)=Et JU + 0^ ual a . (2.15) 



These integrals are discussed in Appendix A. 

The gluino current of eq. (|2.2| ) can now be written as 



G"= £ G» g , (2.16) 
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For each diagram there is a crossed diagram, whose amplitude is obtained by in- 
terchanging the gluino momenta, k\ <-> fc 2 , and reversing the over-all sign. Thus, the first 
terms of the amplitudes corresponding to the crossed diagrams are obtained from eqs. (12^ 



and (pT0|) as 
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Furthermore, there are 4 + 8 amplitudes involving the <i-quark, with chiral mixing 
given by 

Cf = cos0j±sin0j, (2.19) 
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The no-mixing limit 

For comparison, we quote also the simple forms obtained for the amplitudes Q2.4Q and 
( p.lOj ) in the limit of no mixing (nm) between the squarks, 
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Indices 1 and 2 will then refer to the squarks associated with the left- and right-chiral 
quarks. Their masses are given by eq. ( |1.5| ). In the presence of mixing, however, indices 1 
and 2 will refer to the heavier and lighter of the two squarks, respectively. 



3 The Gluino Current 



The gluino current fl2.17|) can be written as a sum of pairs of terms, corresponding to the 



uncrossed and crossed diagrams. Furthermore, there are 8 amplitudes with two, and 4 
with one internal squark line, a total of twelve diagrams for each quark flavour. For the 
w-quark loops we have 

Gu = E[«(^) M «»( fc i^ 2 )^ 1 « T ( fc i)+«( fc i) M ^ r) (^,fc 2 )C'- 1 « T (A; 2 )] 
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where in the last step we have transposed the crossed terms, using C 1T 
follows from eqs. (2.4) and ( 2.10Q that 
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The crossed amplitudes are related by a change of sign, and interchange of k\ and k 2 , 



M- 



M(cr) 
11m 



iVn w (C± - Cr 75 )Tf lu (A; 2 , &)(<# + Cr 75 ) 



(3.4) 



etc. If we introduce a sign factor, 
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then these results (|3.2| )- (|3T4] ) can be expressed more compactly as 
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Exploiting now the fact that 
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and the expansion ( 2.14J) in terms of Dirac matrices, we find the structure of M£ ui to be 
given by 



- Ly - L 11 



2S t N u E a uuia (h, k 2 ) Bay(2Bi)<f<f{& - ffh) 
+2$JV u ££ ui a(*i, fc 2 ) sin(2^) 7 V(<7y + ^7s) 
-2JV tt O^(A;i, W {<# + Si g\ cos(20 s ) - 75 [<$ + 5, <# cos(20 fi )]} 
-2iV u OL a/3 (fci, fc) -/"tV R - S, <tf cos(20 fi ) + 75 K - S % g u v cos(20 fi )]} . 

(3i 



Similarly, we find [cf. eq. (|2.15|) ] 
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From eq. ( |3.1| ), we define M M by 
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and a similar expression M^ CT > for the crossed amplitudes. 

Using eqs. (|3.8|) and (|3.9|) , we get the following structure in terms of Dirac matrices 
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The V c and V^ contributions vanish since two Majorana fermions cannot form a vector 
current: 
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The other V and A terms are given in Appendix A. All the remaining V and also the 
pseudoscalar A ei1 vanish, and eq. ( [3.1 2|) takes the simple form 



M^-C- l M^ c ^C = ^7^75 + ^7^7 a 75 - -4V75 
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4 The Cross Section 



Evaluating the spin sum, we get [cf. eq. (|2.2| )1 
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Invoking eq. ( 3.14 ), we obtain the structure of the tensor T^ v in terms of Dirac 
matrices as 
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and evaluate the trace using computer algebra [25|, ^B|. 

By summing over the eight gluino colours, and integrating over the solid angle, we 
find that the cross section is proportional to the square of the sum of two partial amplitudes, 
corresponding to the contributions of the two diagrams (a) and (b). This is possible, since 



by general arguments [13], there is essentially only one invariant amplitude. The integrated 
cross section thus takes the form 

,3 
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with E the beam energy and the sum running over quark flavours q. The two partial 
amplitudes correspond to diagrams (a) and (b) and are given as 
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with Si the sign factor of eq. ( |3.5| ) and the dependence on the electroweak and chiral mixing 
angles given by the coefficients 

b q = -2g q A sm{29 q ), 

f qqi = 2S t {g\ - Si g% cos(20 5 ) } , 

v qqi = -2S i {g A + S l g q v cos(29 q )}, (4.6) 

which are read off from the contributing A terms of eq. ( f4.3|) . We note that the amplitudes 
( (4.5| ) contain terms that apparently are odd in the masses, i.e., proportional to rrigm q . 
These arise from the chiral mixing, i.e., they are multiplied by factors b q which also are 
odd in these masses, and vanish in the limit of no mixing. The integrals F qqi , G qq i and Gij q 
are given in Appendix A. 

The above result, eq. ( |4.4| ), is given as an integrated cross section. Actually, since 
there is only one invariant amplitude, whose structure is determined by the fact that it 



describes the annihilation of two massless fermions to a pair of self-conjugate fermions [13|, 
the angular distribution is given by the familiar expression 

^JUci + cob 2 *). (4-7) 

d\l I07T 



5 Results 

In order to better understand what is required for the cross section to be large, let us first 
state the conditions that must be satisfied in order for it to vanish. 

Conditions for vanishing cross section 

The gluino pair production cross section would vanish if the following two conditions were 



both satisfied. These conditions are [15[ 



1. mass degeneracy in each quark isospin doublet, m d = m u (this is violated), 

2. mass degeneracy in each squark isospin doublet, i.e., mj = mj 2 = m^ = rriu 2 , for 
each generation. 

13 



Kane and Rolnick |T3| state that in the case of Z decay, the cross section vanishes when 
rriq = m q . We do not reproduce this requirement, but instead the conditions (1) and (2) 
above. 

For comparison, in the case of no axial coupling to the Z, i.e., in the QED limit, 



the cross section would vanish if there is [ 13 



• mass degeneracy in each squark chiral doublet, i.e., m^i = m„2, and mg x = mj 2 for 
each generation. This condition is less strong than item (2) above. 

The magnitude of the cross section will depend on how strongly these conditions 
(1) and (2) are violated. Especially for the third generation, item (1) is violated. This is 
generally believed to imply that the squark isospin doublets are not degenerated either. 
However, in a consistent MSSM, the squark masses can not be specified as free parame- 
ters, they emerge as dependent on the more fundamental parameters of the Lagrangian. 
Furthermore, there are four squark masses for each generation. It is therefore not possible 
to make simple (and correct) statements about the magnitude of the cross section. 

For the purpose of developing some intuition for how large the gluino pair production 
cross section would be at LEP, we show in figure 3 the ratio 

a(e + e- -> gg) 
R= ( z _ ^— r (5-1) 

vs. maximal squark mass splitting Srriq. The plot is based on a scan of the MSSM parameter 
space, at grid points given by 

tan/5 G {1.1,5,15,30}, 

H G {0, ±20, ±40, ±70, ±100, ±200, ±300, ±500} GeV, 

A t G {0,10,20,40,70, 100, 200, 300, 500, 800, 1000} GeV, 

A b G {0,10,20,40,70, 100, 200, 300, 500, 800, 1000} GeV, 

M T G {0,10, 20, 40, 70, 100, 200, 300, 500, 800, 1000} GeV, 

m T G {0,10,20,40,70,100,200,300,500,800, 1000} GeV, 

m B G {0,10,20,40,70,100,200,300,500,800, 1000} GeV, (5.2) 
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for gluino, bottom and top quark masses given by the "standard values" , 

m- g = 3.5 GeV, m b = 4.8 GeV, m t = 170 GeV. (5.3) 

We here consider only the contributions from the third generation, so t (or T) and h (or B) 
refer to u (or U) and d (or D) in the Lagrangian ( |l.l|) -( |i~4|) . All encountered cross section 
ratios lie in the light shaded region, where the horizontal axis gives the largest resulting 
squark mass difference, Srriq = maxjj |m^ — mff\. No values are found within the dark 
shaded or the white regions. The cross section ratios are thus typically between 10 -5 and 
1CT 2 . (The Z branching ratio is obtained upon multiplying by 3.3%.) The jagged borders 
are ascribed to the discreteness of the sampling, as well as the rather complex dependence 
the cross section has on the many parameters. Parameter sets that lead to any one of the 
squarks being light, rriq < 45 GeV, are left out, since such light squarks would have been 



detected at LEP [221. 



The value for the gluino mass, m g = 3.5 GeV, has been chosen as representative of 
the "light-gluino window". Actually, the cross section has only a very weak dependence 
on the gluino mass, as long as it is well below the kinematical threshold [fZ3]]. 

Dependence on squark and top masses 

As noted previously [fHH , the gluino cross section tends to increase with increasing top mass, 



but the way it increases depends on the other parameters. This is illustrated in figure 4, 
where we show the ratio R as a function of stop mass (denoted m&), for different values of 
top mass (denoted m u ). However, this figure is somewhat idealized in the sense that the 
squark masses are set by hand, they do not result naturally from some set of fundamental 
parameters of the Lagrangian. Two sets of parameters are considered, each set is for 
mi x = rrif 2 = mu and m~ bi = mr = mg. The three steep curves are for mg = 50 GeV, 
whereas the other three are for mg = 200 GeV. For each set, three values of the top quark 
mass are considered, m t = 0, 50, and 170 GeV. We note that if m u = m d (= GeV) and 
mu = mg, then the cross section vanishes, in accordance with items (1) and (2) above. 

Dependence on tan/3 and \x 

We can now start to address the question of which parameters would be restricted by an 
experimental limit on the cross section. With the parameters A t , Aj,, Mt, tut, and mg 
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allowed to take on values in the set 

A t e {0,10,20,50, 100,300,500,800} GeV, 

A b E {0,10,20,50, 100,300,500,800} GeV, 

M T E {0,10, 20, 50, 100, 300, 500, 800} GeV, 

m T E {0,10,20,50,100,300,500,800} GeV, 

m B E {0,10,20,50, 100,300,500,800} GeV, (5.4) 

we have scanned for extrema of the gluino cross section as a function of tan/? and /x. It 
turns out that there is little dependence on the latter parameters. In fact, the minimal 
values found are -R m i n — 10~ 6 , whereas the maximal values are i? max — 0.01-0.02, with a 
rather weak dependence on tan/3 and /i, for 1.1 < tan/? < 50 and |/i| < 500 GeV. Thus, 
an upper limit on the gluino pair production cross section does not significantly restrict 
neither tan/3 nor /i. 

The lightest squark, which is the lightest stop, i 2 , will exceed about 350 GeV for 
the values of A t , Ab, Mt, m? and mg which minimize R, in the given range of tan/3 and 
/'• 

Dependence on tan/3 and Mt 

In figure 5 we indicate the dependence of the cross section on tan/3 and Mr, for the following 

choice of the other parameters, 

Mt = ffiT = ffiBi 
A = A t = A b , (5.5) 

with 

/i G {0, ±20, ±40, ±70, ±100, ±200, ±300, ±500} GeV, 

A E {0,10, 20, 40, 70, 100, 200, 300, 500, 800, 1000} GeV (5.6) 

and for the "standard values" for gluino, b and t quark masses given by eq. (|5.3|) . Clearly, 
an upper bound on the cross section ratio of e.g. 10~ 3 , would rule out values of Mr below 
about 350 GeV. 
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A lower bound on Mt would also lead to a lower bound on the heaviest squark (for 
this set of parameters, always the heaviest stop, t\) about similar in magnitude to Mt [p3| . 

Dependence on mg and rfiT 

The correlation between the cross section ratio R and Mt is however not quite as simple 
as that shown in figure 5 if we relax the condition (|5.5|) . It turns out that R can become 
larger than 10~ 3 even for rather low values my < 100 GeV, provided rhs is high. This is 
illustrated in figure 6, where we show regions in the ms-friT plane where R exceeds 10~ 3 
for given upper bounds on Mt- Two cases are considered, -R m i n in (a), and -R max in (b), 
where "min" and "max" refer to scans over the parameter values 

tan/? E {1.1,5,15,30}, 

IX E {0, ±50, ±100, ±200, ±500} GeV, 

A t E {0,10,20,50, 100, 300, 800} GeV, 

A b E {0,10, 20, 50, 100, 300, 800} GeV. (5.7) 

The gluino and quark masses considered are the "standard values" , and for Mt we have 
taken 

M T E {50, 100, 300, 800} GeV. (5.8) 



6 Discussion 

The present study does not address the question of decay or fragmentation. In order 
to consider a "worst case" scenario, we basically assume the gluinos are stable and form 
gluinoballs. If they are unstable and decay, detection would be easier. These gluinoballs 
must be colour singlets, but could be electrically charged, in which case they would show 
up in the detectors, or neutral, in which case they would presumably escape undetected. 
However, in the latter case, since they are produced far above threshold, one would expect 
a few ordinary hadrons (e.g., pions) to also emerge from the fragmentation process. These 
would be detected, and give standard SUSY-triggers of considerable missing energy. 
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For the sake of definiteness, suppose one can rule out the production of gluino pairs 
at a level of at most 10 events per 1 million Z decays. This would imply R < 10~ 5 /3.3%, or 
R < 3-10~ 4 . It follows from figure 3 that this condition would exclude much of the "Physical 
Region" . From figures 5 and 6 we see that lower limits on the soft-supersymmetry-breaking 
parameters would be obtained, but that the precise limits would depend on whether these 
parameters are related. 

In summary, the pair production of gluinos, without accompanying quark jets, is in 
Z decay large enough to be measurable in much of the MSSM parameter space, and should 
therefore be searched for vigorously. 

It is a pleasure to thank T. Medcalf and F. Richard for useful comments. This 
research has been supported by the Research Council of Norway. 
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Appendix A 

This appendix provides some information on the triangle integrals. 
The integrals of eqs. (|27Ll]) and (|2A5|) : 

The quantities appearing in eqs. ( |2.14| ) and ( |2.15| ) can be expressed in terms of more basic 
integrals as 



O b uui( k i,k 2 ) 

O a uui (h,k 2 ) 

E? ju {k h k 2 ) 

0^ u (k u k 2 ) 



ITT 



tTC 



k\ F U ui + k 2 [ F uui F uui J 



1 ..„ /! 



I 9 



fJtU 



- - 7 + 2 - 2G V 



KK (fL - f%) 



+ k t k 2 F uui + k 2 k x [F uui F uui + F uui F uui ) + k 2 k 2 yF uui F uui J 



1,11 L UUl 1 



m 



m 



K (2F^ -F™)-k£ (24° - F^ 

7 + 2 - 2G iju ) + Kk\ (jJg, - 2*g») + tffc* (2F& - F$) 

(A.l) 



k-a 



+ Kk\ (24^ - 4°) + #** (4° - 24° 

with 1/e representing the UV-divergent part, 7 the Euler constant, and the integrals over 
Feynman parameters defined by 



■^ab 
qqi 



pab 



1 rl — x Z a X 

dx / dz . 



jo 



'<i<ii 



1 rl-x r a 

dx / dz 

JO 



Z X 
h-ijq 



G, 



<vv 



n 

^ijq 



1 [ l ~ x h i 

dx / dz log — -^-. 

dx / dz log — rp, 
/i 



Jo 



(A.2) 



with 



^qqi 



Hjq 



m~(x + z)(x + z — 1) — sxz — (m~. — rn 2 q )(x + z) + m% — ie, 
mJx + z)(x + z — 1) — sxz + (m~. — m^)x 



1 / 2 2\ 1 2 

+{m q . -m q )z + m q -ie. 



(A.3) 
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The parameter /i is a renormalization mass. When the amplitude is summed over 
both members of an isospin doublet, the /^-dependence cancels. The integrals F qqi , G qq i 
and Gij q can be evaluated in terms of dilogarithms (F? b q does not contribute). Performing 
the integration over z, we find that the F qqi , G qqi and Gij q can be expressed in terms of 
the one-dimensional integrals 

jm 



i x m log ax + b ± yc(x 2 + 2dx + e) ± it 
dx 

" Jc(x 2 + 2dx + e) 



J = / dx yj c (x 2 + 2dx + e) log 



ax + 6 ± a/ c (x 2 + 2<ir + e) ± it 



K r 



dx x n log (ax + b) 2 — c(x 2 + 2dx + e) — it 



(A.4) 



Here m = 0, 1, 2, and n = 0, 1. The i^ 71 integral is straightforward. The arguments of the 
square roots in I m and J may change sign within the domain of integration. The I m and 
J integrals are evaluated using the following substitutions 



x = y — d ^ y = uyd? 



u = cosh a — > v — tanh(a/2) when u > 1, 
u — — cosh a — > v = tanh(a/2) when u < 1, 
u = sin a — > v — tan(a/2) when \u\ < 1. 



(A.5) 



The integrals F^ and F-f u satisfy the symmetry relations 



pab 



-\ba 



^ab 



F ■ and F a 
L uu% allu ijq 



pba 

in" 1 



(A.6) 



This is easily checked by interchanging the parametric integrations 

The integrals of eq. ( |3.12|) : 

The V integrals are defined by 

VI = 2 £ Si N q g% sin(2^-) \E a qqia {k x , k 2 ) + E b (k 2 , h 



'</ 



V b a = 2Y,SiN q g% sin(2%) [%„(**, h) + E b qqia (h, k 2 ) 

iq 

-2 J2 N q [O b qqia0 (h, k 2 ) - O b qqi0a (k 2 , ki)] [g q v - S { g\ cos(2%)] , 

iq 

ye/x _ — y ^ SjNi-j Q E^glki, k 2 ) + E ijq (k 2 , ki) [SjC^^C^^—SiC^C, 



yd 



uq 



(A.7) 



'.iq 
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Using eqs. ( |A.1| ) and ( |A.6| ), all these terms can be shown to vanish, i.e., we are left with 
only the A type terms, 



A" 



A b 



A c 

Ad 

A e » 

Afv 



-2Y,SiN q g q A sm(2e«) [E a qqia (k h k 2 ) - E b qqia (k 2 ,h) 

iq 

-2j2SiN q g%sm(29^ [E a qqia {k 2 , h) - E b qqia (h, k 2 ) 

iq 

-2 £ N q [0 a qqi (h, k 2 ) + O a qqi (k 2 , h)} [g\ + S, g% cos(20 g -)] , 

iq 

2 E N q [0 b qqia/3 (h, k 2 ) + O b qqiPa {k 2) k x )] [g\ - S t g% cos(2^)] 

iq 

E SjNijq E£ q (kx, k 2 ) + E£ q (k 2 , k{) [C^^C^ - SiSjC^C, 
~ E SjNu [0& a (*i, fc a ) + Q^A*, A*)] (C^cf + S^-Cf C, 



*?9 7 ' 



ij i-i 



(A. 



Using eqs. ( |A.1|) and ( |A.6|) , we find that A efl vanishes, and eq. ( j3.12j ) reduces to eq. (|3.14|) . 



21 



References 

[1] CDF Collaboration, F. Abe et al., Phys. Rev. Lett. 69 (1992) 3439. 

[2] UA1 Collaboration, C. Albajar et al., Phys. Lett. B198 (1987) 261. 

[3] UA2 Collaboration, J. Alitti et al., Phys. Lett. B 235 (1990) 363. 

[4] Particle Data Group, K. Hikasa et al., Review of Particle Properties, Phys. Rev. D45, 
(1992) IX.ll. 

[5] M. Jezabek and J. H. Ktihn, Phys. Lett. B301 (1993) 121. 

[6] L. Clavelli, Phys. Rev. D46 (1992) 2112; 

L. Clavelli, P. W. Coulter and K. Yuan, Phys. Rev. D 47 (1993) 1973; 

L. Clavelli, P. H. Cox and K. Yuan, Univ. of Alabama preprint UAHEP 9211 (1992). 

[7] J. Ellis, D. V. Nanopoulos and D. A. Ross, Phys. Lett. B305 (1993) 375. 

[8] T. Hebbeker, Zeitschrift f. Physik, C60 (1993) 63. 



F. de Campos and J. W. F. Valle, FTUV/93-9 and IFIC/93-5, [hep-ph/9311231 

R. G. Roberts and W. J. Stirling, Phys. Lett. B313 (1993) 453; 

M. Carena, L. Clavelli, D. Matalliotakis, H. P. Nilles and C. E. M. Wagner, Phys. 

Lett. B317 (1993) 346; 

R. Munoz-Tapia and W. J. Stirling, Phys. Rev. D49 (1994) 3763; 

D. V. Shirkov and S. V. Mikhailov, preprint BI-TP 93/75 and E2-93-336, JINR, 

Dubna, |hep-ph/940l270 . 



[10] G. Altarelli, B. Mele and R. Petronzio, Phys. Lett. B129 (1983) 456. 

[11] G. Farrar and P. Fayet, Phys. Lett. 76B (1978) 575; 
G. R. Farrar, Phys. Lett. B265 (1991) 395. 

[12] B. A. Campbell, J. Ellis and S. Rudaz, Nucl. Phys. B198 (1982) 1. 

[13] P. Nelson and P. Osland, Phys. Lett. 115B (1982) 407. 

22 



[14] G. L. Kane and W. B. Rolnick, Nucl. Phys. B217 (1983) 117. 

[15] B. A. Campbell, J. A. Scott and M. K. Sundaresan, Phys. Lett. 126B (1983) 376. 

[16] For an update, see K. Hultqvist, in HEP 93, Proc. Int. Europhysics Conference on High 
Energy Physics, Marseille, 22-28 July, 1993 eds. J. Carr and M. Perrottet (Editions 
Frontieres, Gif-sur-Yvette, 1994) p. 276. 



17] B. Kileng, [hep-ph/9303293| and Zeitschrift f. Physik, in press. 



[18] A. Brignole, J. Ellis, G. Ridolfi and F. Zwirner, Phys. Lett. B271 (1991) 123. 
[19] R. G. Roberts and G. G. Ross, Nucl. Phys. B377 (1992) 571. 



G. L. Kane, C. Kolda, L. Roszkowski, and J. D. Wells, preprint UM-TH 93-24, [hep 
ph/9312272 . 



[21] P. Fayet, Phys. Lett. 69B (1977) 489; 

S. Dimopoulos and H. Georgi, Nucl. Phys. B193 (1981) 150; 

H.-P Nilles, Phys. Rep. C110 (1984) 1; 

H. E. Haber and G. L. Kane, Phys. Rep. C117 (1985) 75. 

[22] G. Coignet, in AIP Conference Proceedings 302, Lepton and Photon Interactions, 
XVI International Symposium, Ithaca, NY, August 1993, eds. P. Drell and D. Rubin 
(American Institute of Physics, New York 1994), p. 324. 

[23] B. Kileng, Dr. scient. thesis, University of Bergen, 1994 (unpublished). 

[24] S. K. Jones and C. H. Llewellyn Smith, Nucl. Phys. B217 (1983) 145. 

[25] A. C. Hearn, REDUCE user's manual, RAND publication CP78 (Santa Monica, 1987). 

[26] B. W. Char et al., MAPLE Reference Manual, Waterloo MAPLE Publishing (Ontario, 
1988). 



23 



Figure captions 

Fig. 1. The two classes of Feynman diagrams for e + e~ — > gg. 

Fig. 2. The couplings involved in the process e + e~ — > gg. 

Fig. 3. Cross section ratios R = oie^eT — > gg)/o~(e + e~ — > /U + /i~) at the Z resonance. 
The figure shows the result of a scan of parameter space, eq. (|5.2|) , against the 
largest resulting squark mass difference. 

Fig. 4. Cross section ratios R vs. stop mass mj = mi = m„. Two values of sbottom 
mass are considered, mz = m~ h2 = m^ = 50 GeV and 200 GeV, together with 
three values of {u or) top quark mass. 

Fig. 5. Regions of lower bounds on R in the plane spanned by the soft squark mass 
parameter Mr [cf. eqs. ( |1.4j ) and (|I~5|)1 and tan/?. A somewhat special case is 
considered, cf. eq. (|5.5|) . We here consider the values of rrig, mj,, and m t given by 
eq. (U. 

Fig. 6. Regions where R > 10~ 3 are for different values of My outlined in the plane 
spanned by rfiT and rhs- In (a), we show the regions where the minimum values 
of R, obtained when scanning the other parameters, fulfill R > 10~ 3 . In (b), 
we show the regions where the maximum values of R, obtained when scanning 
the other parameters, fulfill R > 10 -3 . The region where mg < 50 GeV is not 
allowed. 
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